A chitosan dextran-based (CD) hydrogel, developed for use in endoscopic sinus surgery, was tested for 20 antimicrobial activity in vitro against a range of pathogenic microorganisms. The microdilution 21 technique was used to determine minimum inhibitory, minimum bactericidal, and minimum fungicidal 22
INTRODUCTION 38
Due to their high water content and mechanical properties, hydrogels are very similar to human 39 tissue and are implicated in a wide variety of biomedical applications. More specifically, hydrogels can 40 be used to facilitate the post-operative healing process. They do so by controlling bleeding, allowing 41 tissue to remain in the proper orientation, and by preventing the formation of adhesions (14) . A 42 chitosan/dextran-based (CD) hydrogel has been developed as a post-surgical aid in endoscopic sinus 43 surgeries (ESS). The CD hydrogel significantly reduced the number of adhesions as well as exhibiting 44 excellent haemostatic, mucoadhesive, and antimicrobial properties (4, 24). Chitosan, a natural-based 45 polymer derived from the alkaline deacetylation of chitin, was selected due to its nontoxicity, 46 biocompatibility, and biodegradability (10). 47
In the health care arena, the development of a hydrogel that is biocidal for a broad range of pathogenic 48 microorganisms is of great importance. The antimicrobial activity of chitosan against a wide range of 49 gram-positive and gram-negative bacteria, filamentous fungi and yeasts is well documented in the 50 literature (11). The antibacterial activity of chitosan is attributed to its polycationic structure which 51 exerts a strong electrostatic interaction with the negatively-charged bacterial cell surface, disturbing the 52 cell membrane and inducing leakage (11). Chitosan is soluble in dilute acid and antimicrobial activity is 53 pH-dependent, with the molecule becoming polycationic at a pH below the pKa (15). For biomedical 54 purposes, a biocidal hydrogel should ideally be effective under neutral physiological rather than acidic 55 conditions. 56
Towards this end, a modified chitosan was developed that is soluble in aqueous physiological 57 1 along with those of the antimicrobial controls. Gentamicin was the antimicrobial control for gram-116 negative species, penicillin for gram-positive species and amphotericin B for C. albicans (preliminary 117 experiments showed the C. albicans strain to be fluconazole resistant (MIC >64 mg/L)). For CD 118 hydrogel, 50,000 mg/L was included in the dilution series as this is the concentration of the product in 119 clinical use. The SC solution was steam sterilized prior to use. DA was dissolved in distilled water then 120 filter sterilized using 0.2 µm cellulose acetate filters (Millipore, North Ryde, NSW, Australia Preparation of cells for TEM. Bacteria for TEM samples were prepared as previously described (13) . were susceptible to SC alone at the maximum concentration tested (32,000 mg/L). DA alone was 193 generally more inhibitory for the bacteria tested than CD hydrogel but C. albicans showed reduced 194 susceptibility, being inhibited at 100,000 mg/L, a concentration well above that used clinically. For all 195 experiments, the antimicrobial controls were within the expected ranges (6). 196
Stability of dextran aldehyde in aqueous solution. MIC and MBC values for E. coli remained the 197 same as stated in Table 2 for DA stored for 1 and 5 day intervals. After 14 days, the MIC remained the 198 same but the MBC for E. coli increased from 32,000 mg/L to 50,000 mg/L. MIC and MBC values for S. 199 aureus remained the same as stated in Table 2 when tested on days 1, 5, and 14 of the storage period. 200
Time killing efficacy. DA produced a gradual reduction in the viable counts of S. aureus and E. coli 201 over the 6 h time period (Fig. 3) . Killing of S. aureus appeared to proceed at a slightly faster rate. 202
Overall decreases of 3 x log 10 and 2.5 x log 10 in the viable counts for DA treated S. aureus and E. coli 203 respectively contrasted with the 3-4 x log 10 increase seen in the untreated controls. 204
Electron microscopy. Scanning and transmission electron microscopy (TM/SEM) were used to 205 investigate the cellular effects of CD hydrogel on S. aureus and E. coli. In the SEM images, increased 206 cell aggregation was observed for S. aureus under low magnification as compared to untreated control 207 cells (not shown). After 3 h incubation with 8,000 mg/L of CD hydrogel, high magnification images of 208 S. aureus revealed leakage of cellular contents and cells with a shrunken appearance compared with the 209 untreated control (Fig. 4) . After the same incubation period, E. coli cells treated with 32,000 mg/L of 210 CD hydrogel showed cracks in the cell wall in addition to clumped flagella and a slightly shrunken 211 appearance compared to the untreated control (Fig. 5) . 212 TEM of untreated E. coli control cells revealed an even distribution of cytoplasm and good membrane 213 integrity as seen by electron dense lines (Fig. 6a) . Cells incubated with Triton-X showed a rippling 214 effect of the cell membrane, uneven distribution and loss of cytoplasm (Fig. 6b) . At the MICformation of surface blebs with part of the released membrane lipids forming vesicle-like structures 217 (Fig. 6c, d ). When incubated with DA below the MIC (16,000 mg/L) leakage of cytoplasmic contents 218 was seen in some cells (Fig. 6e) . At the MBC (32,000 mg/L), there appeared to be an increased number 219 of bacteria with clear zones in the cytoplasm and cytoplasmic leakage (Fig. 6f) . 220 TEM results for S. aureus are shown in figure 7. Untreated S. aureus (Fig. 5 a) showed round, 221 complete cell walls, in addition to well delineated membranes and uniform cytoplasmic regions. Cells 222 incubated with Triton-X (Fig. 5 b, c) showed a thickening and uneven rippling of the cell wall, 223 formation of mesosome-like structures, and in some cases, lysis. When incubated with DA at double the 224 MIC/MBC (8,000 mg/L) ( 
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The antimicrobial activity of CD hydrogel, SC alone, and DA alone was determined for a variety of 242 microorganisms. The CD hydrogel was found to have a bactericidal effect against E. coli, S. aureus, S. 243 pyogenes and C. perfringens at or below the 50,000 mg/L concentration used in its surgical application. 244
The active, antimicrobial component of the CD hydrogel was shown to be DA as SC alone exhibited no 245 antibacterial effect. The MIC and MBC values for DA alone were typically around half those obtained 246 for CD hydrogel. This is most likely a dilution effect reflecting the composition of CD hydrogel (50% 247 SC/50% DA) and indicating an absence of synergistic or antagonistic effects. The antibacterial activity 248 of DA was probably primarily due to the reaction of the aldehyde groups with amino groups in proteins 249 located in cell membranes (22), but may also be due to breakage of the peptide bonds in cell wall 250 peptidoglycan. Aldehyde containing biocides, such as ortho-phthalaldehyde and glutaraldehyde are 251 reported to react with primary amino groups located on the outer envelope or cell wall producing a 252 strong adhesive effect (26, 16, 3) . 253
The lack of antimicrobial activity of SC is in stark contrast to its starting material, chitosan, which has 254 been well characterized as an effective antimicrobial agent (19). This is most likely due to the loss of the 255 chitosans' polycationic nature. The amine groups of SC carry no positive charge at neutral pH and 256 therefore are not able to electrostatically interact with negatively charged bacterial membranes (18). 257
Although not antimicrobial on its own, SC has the important function of contributing free amine groups 258 that react with the aldehyde groups of DA through a Schiff base reaction to form imine bonds that 259 crosslink the hydrogel. The oxidized dextran functions as a macromolecular crosslinker for polymers 260 containing large amounts of amino groups for hydrogel synthesis (7, 9). 261 CD hydrogel was an ineffective antimicrobial agent against P. aeruginosa, and the yeast, C. albicans, 262 although both were inhibited by high concentrations of DA. P. aeruginosa is well documented in the 263 literature for its resistance to antibiotics and disinfectants. This resistance has been attributed to factors 264 such as chromosomal mutation, low permeability of the cell wall and genetic capability to express a 265 cache of resistance mechanisms (12). However, these mechanisms may not account for reduced 266 susceptibility to DA and it is more likely that strong LPS-LPS links in the outer membrane areresponsible (16). A possible mechanism for resistance in C. albicans is that the DA becomes bound to 268 the abundant proteins in the thick, fungal cell wall and is unable to reach the more vulnerable cell 269 membrane (23). The strain chosen was found to be fluconazole resistant but it seems unlikely that the 270 related mechanisms, such as the presence of resistance genes or up-regulation of transporter genes, have 271 any bearing on DA resistance (5, 21) . The Gram positive strains tested were more susceptible to DA and 272 CD hydrogel than the Gram negative strains, in that the MIC and MBC were lower. Similarly, when S. 273 aureus was compared with E. coli in a time-killing experiment, the Gram positive strain showed a 274 slightly faster rate of killing, especially during the first two hours of incubation. The reason for these 275 differences is not apparent as Gram positive bacteria have a thicker cell wall and might be expected to 276 be less, rather than more, susceptible than Gram negative bacteria. The anti-staphylococcal activity of 277 CD hydrogel is of particular importance as intra-operative infection with S. aureus during ESS has been 278 shown to frequently lead to post-operative infection and abnormal mucosal healing (8). However, the visible effects of these compounds on the cell wall and the loss of cytoplasmic contents 296 seem sufficient to explain their inhibitory activity. 297
Following the observation that CD hydrogel treatment resulted in clumping of E. coli flagella, the 298 effect of DA on motility and chemotaxis was determined. A short treatment time was employed so that 299 even at the MIC some E. coli would survive and could be assessed using motility agar. Inhibition of 300 motility and chemotaxis by DA was demonstrated and this finding is compatible with the SEM pictures. 
